Abstract. Many diseases affect blood vessel morphology. This report analyzes vessel attributes (tortuosity, vessel density, radius, and terminal branch count) within 5 malignant gliomas as seen by high-resolution MR. Results are compared to those in the same anatomical region of 14 normal controls. All tumor patients had marked increases in vessel tortuosity and terminal branch count. These results raise the interesting possibility of automatically defining "vessels of malignancy" within regions of interest on medical images.
Introduction
Blood vessels surround and permeate all organs of the human body. Almost every disease, from cancer to the common cold, affects the vasculature. In this paper, we use the term "vascular attributes" to refer to the combination of "vessel morphology", "vessel density", and "vessel branching pattern". An automated, quantitative calculation of vessel attributes as seen by high resolution, magnetic resonance (MR) images could provide a new and powerful method of diagnosing and staging many diseases.
Malignancy poses a particularly interesting problem. Malignant tumors secrete factors that induce growth of new, abnormally tortuous vessels within the tumor bed. Indeed, in the brain, abnormal vessels provide the most prognostically ominous sign by histological analysis [1] , and successful tumor treatment reduces local increases in both vessel number and tortuosity as seen by histological section [2] .
The ability to identify and quantitate morphological abnormalities of vessels within MR tumor images would be of high clinical value. Intrinsic brain tumors are graded in terms of increasing malignancy on a scale of I-IV, with treatment dependent upon grade as determined by biopsy. However, each tumor may contain regions of differing malignancy. Moreover, highly malignant tumors, or tumors treated by radiation therapy or other means, may contain necrotic regions in which no tumor cells are present. Sampling error during biopsy thus often underestimates tumor grade, with estimates of false diagnosis in the range of 35%-50% [3] .
Current imaging attempts to define tumor grade and local regions of malignancy include MR spectroscopy, MR perfusion, and PET scanning. However, none of these methods are yet fully reliable [4] , [5] , [6] , [7] . Disruption of the blood-brain barrier may be one of the confounding factors for perfusion imaging. Vessels are usually not present within necrotic areas, however, and the direct identification of abnormal vessel clusters should be capable of flagging regions of active tumor growth and of high malignancy. Moreover, the ability to measure vessel morphology quantitatively has the exciting potential of defining "vessels of malignancy" and thus of providing a non-invasive means of determining tumor grade. Although this report focuses upon the brain, the same approach is potentially extensible to lesions in any anatomical location, such as the breast or lung.
This paper provides a first exploration of vessel attributes over the population of vessels and vessel segments contained within the margins of known malignant tumors as imaged by MR. For five patients with known high grade gliomas, we compare vessel attributes to those of fourteen normal subjects. For this training set, in which the diagnosis of malignancy was known in advance, we conclude that both tortuosity evaluation and a count of terminal branches appear to be effective when differentiating tumor vessels from those of normal subjects within the same area of interest.
Background
The concept of providing an automated, quantitative means of measuring vessel attributes is not new. Several groups have proposed analysis of 2D vascular images to predict the likelihood of progressive atherosclerosis or aneurysm formation [8] or to evaluate retinopathy of prematurity [9] , [10] , [11] , [12] , [13] . Other groups are working in 3D on the specific problems of carotid stenosis [14] or aortic aneurysms [15] . However, what is needed for widescale utility is analysis of multiple vessel attributes over vessel populations, in 3D, and with the inclusion of small vessels.
One of the most interesting vessel attributes is "tortuosity", or the amount a vessel twists and turns. We have defined three abnormal tortuosity types [16] . Type 1 occurs when a vessel elongates and becomes sinuous. Type 2 is characterized by vessels that make frequent changes of direction and appear as a "can of worms". Type 3 is characterized by high-frequency, low-amplitude oscillations. Tortuosity types 2 and 3 are of greatest relevance to this report since both types appear within malignant tumors.
We have also reported two tortuosity metrics capable of detecting abnormal tortuosity within the intracranial vasculature. The "Inflection Count Metric" (ICM) multiplies the number of inflections present in a 3D space curve by the total path length and divides by the distance between endpoints. The ICM is excellent in defining types 1 and 2 tortuosity, but fails with type 3. The "Sum of Angles Metric" (SOAM) sums curvatures along a sampled curve and normalizes by path length. The SOAM handles tortuosity type 3 well, but can fail with types 1 and 2 [16] .
The current report evaluates tortuosity, vessel density, vessel radius, and number of terminal branches (vessels that begin and end within the tumor volume). Given a region of interest demarcated by tumor boundaries, the goal is to seek a set of vascular attributes that distinguish the vasculature associated with malignant gliomas from those of normal patients in the same anatomical region. The selection of attributes was based upon what pathologists describe as the characteristics of vascular abnormalities in malignancy-growth of new clusters of abnormally tortuous vessels.
Methods
Our approach requires segmentation of vessels from MRA and tumors from high resolution MR anatomical images. Coordinate mapping between images is enabled by affine registration of all images with an atlas so that, via a combination of forward and backward transformations, the coordinates of any tumor can be mapped into the undeformed space of any patient's MRA, We report results for five tumors with comparison to the means and standard deviations of vessel attributes within the same anatomical region of fourteen normal subjects.
Image Acquisition and Segmentation
All patients were imaged by 3D, high-resolution, time-of-flight MRA using a quadrature head coil. Inplane resolution was 0.8 x 0.8 mm and interslice thickness was 1 mm. All subjects additionally underwent high-resolution T1 and T2 imaging, with tumor patients receiving gadolinium-enhanced T1 studies as well.
Vessel segmentation was done by the method of Aylward [17] . Vessel extraction involves 3 steps: definition of a seed point, automatic extraction of an image intensity ridge representing the vessel's central skeleton, and automatic determination of vessel radius at each skeleton point. The output of the program provides sets of directed, 4-dimensional points indicating the (x,y,z) spatial position of each sequential vessel skeleton point and an associated radius at each point. Extracted vessels were then postprocessed to produce connected vessel trees and to exclude noise [18] .
Tumor segmentation was provided by Gerig. Segmentation in two cases was performed by a new, automated method that uses multi-channel input and an atlas-based approach with five tissue classifiers: grey matter, white matter, CSF, edema, and tumor tissue [19] . Three tumor cases were segmented using a partially manual program that segments tumors via polygon drawing and filling on orthogonal cuts through an image volume. The interactive program is available at http://www.cs.unc.edu/~gerig/. The output of both programs is a mask file in which each voxel associated with object 1 is labeled "1" and voxels unassociated with a segmented object are labeled "0".
Image Registration
The human vasculature is variable. It is thus impossible to provide a one-to-one vascular mapping between patients for more than a few named vessels. Moreover, vessel attributes may vary from location to location. Evaluation of disease thus requires knowledge of the mean and variance of normal vessel attributes within a region of interest. Such mapping across patients requires image registration.
For this study, we decided not to transform the vessels, as such transformation might itself alter vessel attributes, but rather to deform the region of interest across patients. Vessels within an area of interest were thus analyzed in their native states. All registrations were performed using Rueckert and Schnabel's mutual informationbased registration program [20] , [21] , [22] . This program permits rigid, affine, and fully deformable registration. For rigid and affine registrations, the output can be saved as a file convertible to a registration matrix. Settings for rigid and affine registrations included bins=64, iterations=100, steps=4, step length= 2.0, levels = 3, and similarity measure=normalized mutual information. For this project, we employed only rigid and full affine registrations and saved the output matrices.
The T1 image of each patient was registered using a full affine registration to the McConnell T1 brain atlas. The additional images of each patient were then rigidly registered to that same patient's T1 image. Lesion coordinates from any tumor patient could then be transformed into the coordinate system of any other patient's MRA via a set of matrix multiplications, with matrix inversion when appropriate. Vessels traversing the region of interest were clipped and analysis was applied only to those vessels and vessel segments lying within the region of interest. This approach therefore calculates vessel attributes only within the undeformed space of each target MRA.
Vessel Attributes
Each tumor patient was compared to fourteen normals. Attributes examined included: 1) Tortuosity as evaluated by both the SOAM and the ICM. Tumor vessels are known to be abnormally tortuous by histological analysis.
2) The ratio of vessel volume to tumor volume. Ingrowth of new vessels might increase the proportion of the volume of interest occupied by vessels.
3) The average radius of the vessels or vessel segments within the region of interest. New vessel growth might produce feeding vessels of larger diameter. 4) Count of terminal branches (branches that begin and end within the volume). As tumors induce vessel ingrowth, an additional number of vessels might be expected.
In some cases, one or more normal patients had no vessels in the anatomical region corresponding to the tumor. In these cases we set the vessel volume and the number of terminal branches to 0 and used the full number of normal patients in the analysis. However, there is no good way to provide a tortuosity value or an average radius if no vessels are present. We therefore evaluated these parameters using only the subset of normal subjects that possessed vessels within the anatomical region of interest.
For each variable, results were averaged to provide a single value for all vessels in a given patient. "Radius", for example, represents the average radius of all vessel points within the volume of interest for a given patient.
Malignant gliomas may encase normal vessels as well as induce growth of new vessels. Whether encased vessels themselves become abnormal is unknown. For this initial analysis, we did not attempt to subdivide the vessels of tumor patients into different groups. Results reported for tumor patients are therefore likely to incorporate values produced by encased "normal" vessels as well as results produced by new vascular growth induced by the tumor. Figure 1 illustrates a patient with a malignant glioma. The tumor is volume rendered at lower left and is shown registered with segmented, surface-rendered vessels. Note that there are both avascular areas and areas of vessel clustering within the tumor. Segmented vessels are color-coded by relationship to the tumor surface. Dark grey vessels are outside the tumor, light grey vessels traverse the tumor, and medium grey vessels are contained within the tumor. Both traversing and intrinsic tumor vessels have high frequency, low amplitude "wiggles" rarely found outside of a tumor or in normal patients (this abnormality is tortuosity type 3). The medium grey vessels also produce a "can of worms" configuration and provide an example of tortuosity type 2. The medium grey vessels additionally represent an abnormal vessel cluster unlikely to be present within the same anatomical region of normal patients. Fig. 1 . Malignant glioma. Upper row = Gad+ MR slices. At bottom left, the tumor is volume rendered at full opacity and shown with surface rendered, segmented vessels. At bottom center, the tumor is set to 0 opacity in order to display the vasculature inside it. The image at far right illustrates foci of abnormal tortuosity type III (arrows) involving the vessels contained within (medium grey) and passing through (light grey) the tumor. Table 1 shows results for the five tumor cases for all parameters examined. The mean and standard deviation for the fourteen normal controls are given immediately below each tumor value. One star indicates a tumor value more than one standard deviation from normal and three stars indicates a tumor value more than three standard deviations from normal. For this small number of cases, we have focused only upon those variables in which all five tumor patients produced values lying more than one standard deviation beyond normal.
Results
As shown by Table 1 , some of the variables appear helpful whereas others do not. The first two rows of Table 1 indicate tortuosity evaluation by two metrics. All five tumors exhibited significant increases in tortuosity by both metrics. The volume ratio was less helpful, however. Although three tumors displayed an increase in the proportion of volume occupied by vessels, two did not. The average vessel radius calculation was also not helpful, with some tumors exhibiting a higher average vessel radius and some a lower. On the other hand, the count of terminal branches was markedly different between tumor and normal patients, and all five tumor cases displayed an increased number of terminal branches well more than three standard deviations from normal. 
Discussion
This report describes a search for quantifiable differences between the vasculature of normal subjects and malignant glioma patients as seen by high-resolution MRA. We conclude that both tortuosity analysis and terminal branch count appear to be useful discriminative methods. Several points should be made about methods, however. First, there are multitudinous ways in which one vessel population can be compared to another. It is difficult to know how best to phrase any analysis so as to best quantitatively define differences between groups. This study made a set of guesses based upon qualitative diagnostic criteria used to define malignant gliomas by histological examination. Several criteria that we expected to show significant differences between groups were successful but others were not. In retrospect, some of the questions might have been better posed. The analysis of vessel density, for example, calculated the ratio of total vessel volume to total tumor volume. In fact, and as shown by Figure 1 , almost all malignant gliomas exhibit both foci of high vascularity and foci of avascularity. A stronger approach might seek for localized regions of vascular clustering and abnormality, and then flag and count these voxels. Such approach would provide a better comparative analysis and could tell the surgeon on a voxel by voxel basis which regions of the tumor appear best for biopsy.
Second, the optimal method of registration is unknown when analyzing vasculature. The methods employed here did not deform the vessels themselves but rather used an affine registration to deform the region of interest across patients. This may or may not prove to be the optimal solution. The development of methods of vascular registration is an active area of research [23] .
Third, the vessels of interest are small. High resolution MR (1x1x1 mm) is likely to be required, as is a method of vessel extraction capable of defining small vessels.
Finally, the aim of this study is to define parameters likely to be important in characterizing the vasculature of malignant tumors. Confirmation of the conclusions will require both a larger normal database and testing against a large set of patients bearing tumors of different grades. Moreover, even if the results are confirmed, we do not know what the vascular patterns of metastatic tumors or of lower grade gliomas might be. We do not know if there is a single pattern that characterizes "vessels of malignancy", if a single pattern exists that shows progressive deviation from normal with increasing malignancy, or if multiple, tumor-specific patterns exist. We view all of these questions as enormously exciting areas of research, each of which could be of clinical value.
In summary, this report provides a first exploration of the ability to automatically differentiate, localize, and quantitate populations of abnormal vessels within malignant tumors as seen by medical imaging data. Such ability could have great clinical potential. The initial results are exciting and suggest that, at minimum, malignant tumor vessels can be differentiated from those of normal patients within a similar anatomical region on the basis of both tortuosity and count of terminal branches.
